Abstract: We experimentally demonstrate a novel and simple method for the excitation of a curved surface plasmon polariton on a silver nanofilm. We generated an Airy-like shaped beam in the Fourier plane by using a fifth-power phase mask imposed on a spatial light modulator to excite surface plasmon polariton on the silver nanofilm consisting of silver nanoparticles. The intensity distribution of the surface plasmon polariton trajectories was recorded by the leakage radiation microscope, which indicates that a plasmonic polynomial beam is produced on the silver nanofilm. This method provides relatively commercial and dynamic manipulation of a curved surface plasmon polariton on a noble metallic nanofilm.
Introduction
Research on wave packets of light propagating along curved trajectories in space [1] , [2] and at the surface [3] , [4] has been growing rapidly since Siviloglou and Christodoulides et al. [1] , [2] introduced accelerating Airy beams to the optical domain in 2007. Curved beams in free space include Airy beams and Weber beams propagating along parabolic trajectories [1] , [2] , [5] - [7] , Mathieu beams propagating along elliptical trajectories [6] and predefined engineering beams with arbitrary trajectories [8] , [9] . Commonly, actual free space Airy beams are generated by modulating an incident Gaussian beam with a cubic phase mask imposed on a spatial light modulator (SLM) and together followed Fourier transformation of a converging lens [1] , [2] , [10] - [16] . Meanwhile, Zhang et al. [6] generated nonparaxial Mathieu and Weber accelerating beams with the computer-generated holographic masks obtained according to the beam profiles and their spectra equations from the Fourier space. Froehly et al. [8] experimentally generated parabolic beam with 1-D 3/2-power phase mask and quartic beam with 1-D 7/4-power phase mask. Greenfield et al. [9] experimentally demonstrated polynomial and exponential beams by loading 1-D phase masks solved from the predefined engineering ray equations, such as 1-D 3/2-power phase mask.
Till now, there are mainly two kinds of methods to form plasmonic curved waves at metallic surface: 1) directly coupling free-space curved beams to surface plasmon polariton (SPP) through a metallic coupler [4] and 2) coupling laser beams to curved SPP with engineered nanoscale specific metallic phase masks [17] - [20] . For the first kind of method, Zhang et al. [4] coupled 1-D free-space Airy beams to plasmonic Airy beams through a gold grating fabricated by electron beam lithography (EBL). For the second kind of method, Minovich et al. [17] directly coupled free-propagating Gaussian beam to plasmonic Airy beams by the specially designed nanoscale gold phase grating fabricated using a focused ion beam (FIB) milling. Li et al. [18] , [19] experimentally realized a plasmonic Airy beam by directly coupling a laser beam, the plane wave incidence and the point source with a carefully designed, nonperiodically arranged sliver nanocave array also fabricated by FIB milling. Epstein and Arie [20] excited self-accelerating plasmonic beams along several different polynomial and exponential trajectories by free-space beams through two-dimensional binary plasmonic silver phase masks fabricated by EBL. Arie et al. [21] demonstrated and experimentally converted the free space laser beam to Mathieu and Weber SPP beams by the silver plasmonic holograms written also by using EBL. On the other hand, Bleckmann et al. [22] demonstrated and fabricated dielectric-loaded plasmonic structures with a graded refractive index by negative-tone gray-scale EBL to control the trajectory of the Airy SPP beams in a linear potential. By comparing these two kinds of methods, we can see that the first one is relatively simple and easily controllable, because it does not need to fabricate very complex and specific metallic nano-structures.
Here, we present and demonstrate a new free space shaped beam in the Fourier domain generated by using a 2-D fifth-power phase mask imposed on a transmitting SLM. By directly coupling the curved beams in the Fourier plane of the converging lens that generated by the fifth-power phase mask from free space onto the surface of the silver nano-film with silver nano-particles, we excite the curved SPP beam, which are directly detected with the method of leakage radiation microscopy [23] , [24] . The propagating trajectory of the plasmonic curved beam is numerically investigated with polynomial fitting and the corresponding intensity decay of the plasmonic curved beam is studied with exponential fitting.
Shaped Beam Generated by the Fifth-Power Phase Mask
The phase distribution of the 2-D fifth-power phase mask is shown in Fig. 1(a) , which can be described by the function [25] :
where N ¼ 5. The scheme of our experimental setup for recording the beam generated by the fifth-power phase mask is shown in Fig. 1(b) . A plane wave of unit intensity 0 ¼ 532 nm passed through the transmitting SLM (RealLight, RL-SLMT1) that displayed the 2-D fifth-power phase mask. A converging lens (Lens1) with a focal length of f ¼ 1000 mm was placed at a distance f behind the SLM. The shaped beam in the Fourier plane of the converging lens was imaged with an inverted microscope (Olympus, CKX41) by using a 4 Â objective lens ðNA ¼ 0:13Þ and a 10 Â tube lens (Lens2) and finally recorded with a color CMOS camera (Tucsen ISH500, 5.0 M pixel). The beam generated by the fifth-power phase mask at the focus plane of converging lens (Lens1) is shown in Fig. 1(c) , which looks like an Airy beam and propagates along a curved trajectory in free space [25] .
Curved Surface Plasmon Polariton Excitation
Then as illustrated in Fig. 2(a) , we put a 50-nm-thick silver film deposited on a 1-mm-thick quartz substrate at the focus of the converging lens Lens1 to excite SPP with the shaped beam generated by the fifth-power phase mask. The excited SPP was recorded by using a leakage radiation microscopy (LRM) [23] , [24] based on the inverted microscope (Olympus, CKX41) with an oil immersion 100 Â objective lens ðNA ¼ 1:25Þ, the tube lens (Lens2), and the color CMOS camera. The 50-nm-thick silver film was deposited with dual facing target sputtering method and the microscopic image of the silver film measured with an atomic force microscope (Veeco, D3100) is shown in Fig. 2(b) , which indicates the Root Mean Square (RMS) roughness of the silver nano-film is 1.403 nm and the average grain height of the silver nano-particles is 4.812 nm.
Compared with the thickness of the silver nano-film of 50 nm, the roughness and the grain height are relatively very small, but the silver nano-particles provide the phase matching for excitation of SPP on the silver nano-film. The intensity distribution of the SPP trajectories recorded by the LRM system is shown in Fig. 2(c) , from which we can clearly see that the SPP beam propagates along a curved path with its peak intensity at the very beginning.
Analysis and Discussions
In order to further study the SPP trajectory and its intensity decay, we set the position of the maximum intensity of the plasmonic beam as the initial point, extracted the positions on the brightest trajectory and the corresponding intensities, and numerically investigated the trajectory curve with polynomial fitting and the intensity decay with exponential fitting, which are shown in Fig. 3(a) and (b), respectively. From Fig. 3(a) , we can see that the trajectory curve follows the polynomial function
which does not only include the standard quadratic term of Airy beam but includes a linear term and an absolute term as well. By considering that 0 ¼ 532 nm, the air dielectric permittivity " 0 % 1, the substrate quartz dielectric permittivity " q ¼ 2:1316, the thickness of silver nano-film t ¼ 50 nm and the silver dielectric permittivity " m at 0 ¼ 532 nm [26] :
We can estimate the SPP propagation length SPP as 9.67 m [24] , [27] . Thus, we fit the relative intensity decay I r of SPP by using [28] :
is the distance from the starting position of the plasmonic curved beam. Therefore, from Fig. 3(b) , we can see that the SPP intensity approximately decays exponentially with its propagation distance. When the propagation distance is larger than 2 m, most of the values of the SPP intensity of the experiment result are less than the theoretical fitting values of ideally flat silver surface, because the roughness of the silver nano-film increases the decay rate of the intensity of the plasmonic curved waves at the metallic surface. 
Conclusion
In conclusion, we presented and experimentally demonstrated the curved SPP excited on the silver nano-film with the shaped beam of fifth-power phase mask. This method provides relatively commercial manipulation of curved SPP by using shaped beams with multiple-powered phase masks imposed on a spatial light modulator because it does not need the fabrication of specific metallic nanostructures by using complex and expensive fabrication process, such as electron beam lithography or focused ion beam milling. This kind of curved SPP may find potential applications in the on-chip information routing of plasmonic signals and manipulation of nano-particles.
